We investigated the effect of annealing a polymeric dielectric film in the presence of an oscillating electric field on its dielectric constant. Films were prepared with the vertical structure of electrode/ poly͑4-vinylphenol͒/electrode and annealed at a temperature above the glass transition temperature while applying an ac electric field ranging from 0 to 6 V at various frequencies in the hope of altering the arrangement of polymer chains through conformational transitions influenced by the orientational polarization of the polar phenol groups. It was found that the dielectric constant increased significantly by about 30% when the annealing frequency corresponded to that at which dielectric relaxation takes place effectively. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2896603͔
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Organic thin-film transistors ͑TFTs͒ including polymer TFTs have attracted a great deal of attention over the last decade.
1 This trend has been motivated by the merits of organic materials, such as their solution processability, suitable mechanical flexibility for realizing flexible devices, and low processing cost. Recently, a number of polymer dielectric materials such as poly͑4-vinylphenol͒ ͑PVP͒ ͓dielectric constant is 4.0-4.6 ͑Refs. 2 and 3͔͒ and poly͑methylmethacry-late͒ ͓ is 2.5-2.9 ͑Ref. 4͔͒ have been employed in field effect transistors and their performances have been investigated in depth. [2] [3] [4] [5] [6] In order to realize TFTs with satisfactory characteristics, the polymer dielectric film should meet the following requirements:
7 high capacitance, low leakage current, and smooth surface. PVP is possibly the polymer dielectric with the highest field effect mobility 2 and it was reported that a small increase in the dielectric constant resulted in a dramatic increase in mobility. 4 Many attempts have been made to improve the performance of polymer gate dielectrics including mixing the polymer with TiO 2 nanoparticles 8 and fabricating polymer-oxide bilayers. 9 Ultrathin gate dielectrics made of self-assembled monolayers 10 and thin polymers 11 have also been tried with the intention of increasing the capacitance of the gate dielectric.
The molecular arrangement of polymeric materials may be changed when they are under the influence of mechanical shear 12 or an electric field. 13, 14 Processes utilizing such external forces can increase the net dipole moment of the molecules, which is expected to raise the dielectric constant. In the present work, we applied an external ac electric field varying from 0 to 6 V to a PVP dielectric layer at different frequencies at a temperature ͑175°C͒ above the glass transition temperature ͑T g ͒ of the polymer ͑151°C͒. The polymer film has to be heated to a temperature above its T g for the collective conformational transitions to take place under an electric field, which would result in the intentional positional rearrangement of the PVP segments made of the vinyl backbone and dangling phenol groups.
A bottom Al electrode consisting of a 3 mm wide stripe was thermally evaporated through a metal mask on corning glass, on which 12 wt % PVP solution in propylene glycol monomethyl ether acetate was spin coated. PVP was purchased from Sigma-Aldrich ͑Catalog No. 436223, molecular weight= 20 000͒ and used without further purification. The thicknesses of the films were determined to be 330 nm by surface profilometry. The polymer film was precured in a vacuum oven at 175°C for 1 h, in order to eliminate any residual solvent and to reduce the excess free volume induced during the spin-coating process. 15 A top Al electrode consisting of a 3 mm wide stripe was sequentially evaporated across the underlying Al electrode ͑the defined area of the PVP capacitor was 9 mm 2 ͒. We then performed postannealing in the presence of an ac or dc electric field in situ in an inert N 2 gas-filled oven at 175°C for 1 h. A function generator was utilized to generate a sine wave with an amplitude of 3 V which was superposed with a dc signal of 3 V ͑i.e., ranging from 0 to 6 V which was within the range of dielectric strength as explained below͒. In the case of the dc field experiment, a voltage of 6 V was applied. After the annealing process, the device was quenched immediately to room temperature by transferring it onto a Cu plate. The cooling process was conducted with the electric field turned on, in order not to allow the PVP chains to relax back to their equilibrium conformation. Current-voltage measurements ͑Agilent4155C͒ and ac impedance measurements ͑HP4192A͒ were conducted both at 175°C and room temperature after the postannealing. Figure 1 shows the current density-electric field characteristics of the Al/PVP/Al device at 175°C ͑unfilled circles͒ and room temperature ͑filled circles͒. The dielectric strength was defined as the electric field at which the leakage current density exceeds ϳ1 A / cm 2 ͑Ref. 16͒ ͑horizontal dashed line in Fig. 1͒ . An electric field of about 0.2 MV/ cm was judged to be the maximum value at which dielectric breakdown could be avoided at 175°C and the vertical dashed line in Fig. 1 indicates the electric field ͑0.18 MV/ cm͒ applied to the PVP films during the electric field-assisted thermal annealing.
The impedance spectra were obtained and evaluated systematically to elucidate the effect of the molecular arrangements on the dielectric properties of the device. Figure 2 displays the capacitance of our Al/PVP/Al device postan-nealed at 10 Hz and that of the one prepared without electric field treatment. The electric field-assisted annealing increased the capacitance by as much as 30%. The observation of unstable capacitance values below 200 Hz may be connected with the corresponding viscoelastic relaxation processes of the PVP molecules.
The dielectric response is generally described in terms of the complex permittivity, * = Ј − jЉ, where the real ͑Ј͒ and imaginary ͑Љ͒ parts correspond to the dielectric storage and loss factor, respectively. 17 The measured complex impedance was transformed into * formalism ͓ * =1/ ͑jC c Z͒, where , C c , and Z are the frequency, capacitance of the empty dielectric, and complex impedance, respectively͔. The dielectric relaxation behavior of polymeric systems is well understood in terms of their classical reorientation motions. 18 In general, relaxation processes in polymeric systems take place over an extraordinary broad range of time scales, which is reflected in the broadening of the loss curves in the frequency domain. Figure 3 displays the Љ values obtained in situ at 175°C as a function of frequency. The dielectric loss became larger as the frequency either increased or decreased from about 3 ϫ 10 kHz, suggesting that the various in-phase motions of the PVP molecules resonate with the electric fields oscillating at the corresponding frequencies. The molecular motions at lower frequencies are accompanied by the conformational transitions of the polymer backbone, which would redistribute the locations of the polar phenol groups. We also note that the peak at around 2 MHz originates from the local rotational motion of the polar −OH radical in the phenol group ͑␤-relaxation͒.
In Fig. 4 , we summarized the variation of the dielectric constant measured under various conditions. The dielectric constants were calculated by taking the electrode area, capacitance, and PVP film thickness into account. 4 The value of the dielectric constant obtained from the device without electric field-assisted annealing is in good agreement with the values reported elsewhere. 3, 4 The dielectric constants of the devices processed at low frequencies ͑10, 100, and 1 kHz͒ increased by as much as 30%. It is of interest to note that the equivalent bias condition in dc form ͑6 V͒ or ac sine wave with an amplitude of 3 V did not result in any meaningful difference in the dielectric constant values. It is believed that the conformational transitions in the polar polymer molecules could be accompanied by their resonance with an oscillating electric field with a suitable frequency, resulting in the new arrangement of the chains. This leads to a structures in which local polarization by the phenol groups could be formed to a greater extent when the electric field is turned on, resulting in an increase in the net dipole moments in the vertical direction and, thus, a higher dielectric constant. At frequencies higher than 10 kHz, the conformational transition of the phenol group is judged not to keep up with the oscillations of the electric field. In summary, we fabricated devices with the vertical structure of Al/PVP/Al to examine the effect of electric fieldassisted annealing at a temperature above T g . ac electric fields varying from 0 to 0.18 MV/ cm at frequencies of 10, 100, and 1 kHz increased the capacitance by about 30% compared to the value obtained without electric field-assisted annealing. No meaningful change in the capacitance was observed when an ac bias at a frequency of 10 or 100 kHz, or a dc bias of 0.18 MV/ cm was applied. The dielectric loss factor as a function of frequency was used to determine where the conformational transitions could be accompanied by their resonance with an oscillating electric field, and the result accorded well with the observation that electric fieldassisted annealing was effective in such dissipative region. Our work may be able to open the way for the dielectric properties of polar organic dielectric materials to be improved by electric field-assisted annealing at a suitable frequency. 
